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A B S T R A C T Mineralo-and glucocorticoid-deficient states, such as Addison's disease, are partly characterized by an inability to generate a maximally concentrated urine. The purpose of the present study was to develop a model of adrenal insufficiency and to determine whether changes in the intrinsic function of the collecting duct could partly account for this concentrating defect. Two kinds of experiments were performed: an assessment of the in vivo ability of adrenalectomized rabbits to concentrate their urine, and an examination of the intrinsic hydroosmotic responsiveness of in vitro perfused collecting ducts isolated from normal and adrenalectomized rabbits. The present study demonstrates that adrenalectomized rabbits are unable to concentrate their urine maximally, and that the in vivo administration of either deoxycorticosterone, 250 ,ug/kg, or dexamethasone, 50 ,g/kg, restored to or toward normal their concentrating ability. When cortical collecting tubules from adrenalectomized rabbits were perfused in vitro, they demonstrated a markedly blunted hydroosmotic response to antidiuretic hormone (ADH), which was corrected by the in vitro addition of either aldosterone (50 pM) or dexamethasone (50 pM), but not progesterone (50 pM). The steroids by themselves, in the absence of ADH, had no intrinsic effect on the water permeability of the collecting duct. The blunted hydroosmotic response across cortical collecting tubules from adrenalectomized rabbits was corrected by the addition of either 8-bromo cyclic AMP or a potent phosphodiesterase inhibitor, 1-methyl-3-isobutylxanthine. The present studies show that the cortical collecting tubules obtained from adrenalectomized rabbits do not respond normally to ADH. The poor hydroosmotic response to ADH was corrected by exogenous aldos-
INTRODUCTION
Addisonian patients who are gluco-and mineralocorticoid deficient are characterized by numerous derangements in the regulation of salt and water excretion: decreased plasma volume as a result of inappropriate natriuresis; hyperkalemic acidosis as a result of decreased excretion of hydrogen and potassium; inability to excrete normally a free water load (1) (2) (3) ; and decreased ability to generate a maximally concentrated urine (4) . Whereas the first three derangements have been examined in some detail previously, the mechanism by which urine cannot be concentrated maximally has not received the same scrutiny. The purpose of the present studies was to examine the role ofthe collecting duct in the inability to form maximally concentrated urine in a gluco-and mineralocorticoid-deficient state. Specifically, the present studies were designed to examine whether adrenal steroids by themselves influence the intrinsic osmotic water impenneability ofthe collecting duct, and to determine whether an altered hydroosmotic response of the collecting duct to antidiuretic hormone (ADH),' in the absence of adrenal steroidis, couild contribute to the concentrating defect seen in this setting. Fuirther In vitro microperfusion. The technique of in vitro microperfusion used in the present study was similar to that previously reported (5); only the salient features vill be described. Rabbits were decapitated, and a 1-2-mm coronal slice of kidney was placed on ice in a dish containing a solution of artificial ultrafiltrate, the com)positioni of which %vas identical to that of the solutioni bathing the outside of the tubules in vitro (see below) except that the dissectinig soltution additionally conitained 5 mg/mI of bovine senimii albumnin. Cortical collectinig tubules vere dissected from the slice, with special care being taken so that the proximal end of all tubules began immnlediately below the superficial branchpoint of the collecting duict; the distal end ofthe tuibule was clearly located within the cortex of the kidney.
Cortical collecting tubules were transferred to a Luicite chamber sitting on the stage of an inverted microscope and the ends cannulated within concentric glass micropipettes. Hydraulic insulation of the ends of the tubules within the 2 The limit of detection by this assay is 20 ng/dl. The solution used to perfuse the lumen of the tubule was of an identical electrolyte composition to the bathing sollution, except that the concentration of NaCl was 10 mM. Thus, the final osmolalitv of the perfusate was 120 mosM, whereas the bathing solution osmolality was 300 mosM. These were measured in each experiment. In addition, the perfusate contained 20 ACi/ml of an impermeant volume marker, 125I_ iothalamate (Ahbott Laboratories, Chemical Div., North Chicago, Ill.). All solutions were equilibrated at 37°C with 95% 02-5% CO2 so that the final pH at 37°C was 7.4. In a few experimiienits, the 180 mosM1 o.smotic gradienit across the tubule was established by making the perfusate isotonic with plasmiia anid the bathing solution hypertonic with raffinose. Becau.se the hydroosmotic action of ADH across the cortical collecting tubule is e(qually expressedI when the bathing solution is hypertonic (6) , and because the results obtained in these tubules were identical to those in the other tubules in the same treatment group, all results are presented together. All experiments were conducted at 37°C.
Because cortical collecting tubules maniifest a .small osinotic water permeability in the absence of ADH when initially perfused in vitro (7), all tubules were allowed to equilibrate in vitro for 60 mIi. From 60 to 90 min after commiiiiencing perfusion, control collectionis were made to measure the osmotic water flux before the addition of ADH. At 90 min, experimental collections were made continuously for collectecl fluid osmolality and radioactivity. At 37°C, after reachinig the peak value 10-20 min after its addition, the hydroosmotic response to ADH declines gradually (8) . give a true estimate of the osmotic water permeability of the collecting duct in that it does not take into account the magnitude of the driving force for volume reabsorption, the osmotic gradient. Thus, the hydraulic conductivity coefficient (Lp) was used to measure the hydroosmotic response to ADH and was derived as described (9, 10):
where Lp = hydraulic conductivity coefficient in cm/s atm x 107; R = gas constant; T = absolute temperature; A = internal tubular surface area (with an assumed internal diameter of 20 microns);3 Cb = osmolality of the bathing solution; C, = osmolality of the perfusate; and C0 = osmolality ofthe collected fluid. The osmolality ofthe bathing, collected, and perfusate solutions were measured by freezing point de-pression in nanoliter quantities (Clifton nanoliter osmometer; Clifton Technical Physics, Hartford, N. Y.).
Study groups. Four groups of in vitro experiments were performed. The experiments ofgroup 1 were performed to determine whether collecting ducts from adrenalectomized rabbits were intrinsically permeable to water in the absence of ADH, and to compare the hydroosmotic response with ADH of collecting ducts from normal and adrenalectomized rabbits. Thus, control collections were made during the initial 90 min of perfusiofi of collecting ducts from normal and adrenalectomized rabbits, and the J, determined before the addition of ADH. After this time, ADH at a final concentration of 200 ,uU/ml was added continuously to the bathing solution and the J, and Lp determined over the next 120 min at 5-10-min intervals.
Group 2 experiments were first designed to determine whether adrenal steroids, by themselves, affected the intrinsic water permeability of collecting ducts from adrenalectomized rabbits; second, whether adrenal steroids affected the blunted hydroosmotic responsiveness of collecting ducts from adrenalectomized rabbits to ADH; and third, whether there was any specificity of the action of adrenal steroids on the hydroosmotic response to ADH. Thus, either aldosterone, dexamethasone, or progesterone, each at a final concentration of 50 pM, was singly present in the perfusing solution from the very beginning of the experiment. Tubular fluid was collected from 60 to 90 min after the beginning ofthe experiment in the presence of one of the steroids but before the addition of ADH, thereby allowing an examination of the effect that a single steroid might alone have on the intrinsic water permeability across cortical collecting tubules from adrenalectomized rabbits. At 90 min, ADH was then added and the Jv and Lp were measured at continuous intervals.
The experiments of group 3 were designed to determine the hydroosmotic response of tubules from adrenalectomized rabbits to exogenous cyclic AMP in an effort to localize the blunted hydroosmotic response to ADH to either steps involved in the intracellular accumulation of cyclic AMP or, alternatively, to those steps distal to cyclic AMP (see Fig. 6 ). Thus, as in group 1, after control collections, an analog of cyclic AMP, 8-bromo cyclic AMP (Sigma Chemical Co., St. Louis, Mo.), at a final concentration of 0.1 mM, was added continuously to the solution that bathed collecting ducts of normal and adrenalectomized rabbits, and the Lp was determined.
The experiments of group 4 were designed to examine whether cyclic AMP phosphodiesterase inhibition restored the hydroosmotic responsiveness of collecting ducts from adrenalectomized rabbits to ADH. Thus, the phosphodiesterase inhibitor, 1-methyl-3-isobutylxanthine (MIX; Aldrich Chemical Co., Inc., Milwaukee, Wis.) was present continuously in the bathing solution from the beginning of the experiment at a final concentration of 0.1 mM. Collections of tubular fluid were then made before and after the addition of 2 ,uU/ml of ADH, as in group 1, and the Jv and Lp determined. Cortical collecting tubules from normal and adrenalectomized rabbits were studied. In addition, a second series of tubules from normal rabbits were exposed only to ADH at a concentration of 2 juU/ml in the absence of MIX to measure the hydroosmotic response resulting from this lower concentration of ADH.
All data in the text and figures is expressed as the mean +SEM. Paired and unpaired t tests were used to determine significance, which was taken as P < 0.05.
RESULTS
Maximum urinary osmolality. The maximum urine osmolality was measured in 6 normal and 12 adrenalectomized rabbits to determine whether adrenal insufficiency in the rabbit was associated with a concentrating defect. All rabbits drank 0.9% sodium chloride and were given 1.25 U/kg vasopressin tannate. As shown in Fig. 1 , adrenalectomized rabbits with a maximum urinary osmolality of 1,327±65 mosM had a significantly less (P < 0.02) concentrated urine then identically treated normal rabbits with a maximum urinary osmolality of 1,901+207 mosM.
To determine whether this concentrating defect was a direct result of adrenal steroid absence or some secondary consequence of adrenalectomy, the same 12 adrenalectomized rabbits were given a single injection of either deoxycorticosterone, 250 ,ug/kg, or dexamethasone, 50 ,g/kg, and the maximum urine osmolality after vasopressin determined again. As shown in Fig. 1 either deoxycorticosterone (P < 0.01) or dexamethasone (P < 0.02) significantly increased the maximum urinary osmolality to or toward normal in both groups of rabbits (P = NS compared with normal).
Group 1. The basal J, before the addition of ADH was not different from zero across cortical collecting tubules from both normal and adrenalectomized rabbits (Table I ; group 1, J, before). Thus, these experiments suggest that collecting ducts from adrenalectomized rabbits are not intrinsically permeable to water before the addition of ADH.
To determine whether the concentrating defect seen in adrenalectomized rabbits in vivo could involve alterations in the response ofthe collecting duct to ADH, cortical collecting tubules from normal and adrenalectomized rabbits were perfused in vitro and the hydroosmotic response to a maximal concentration of ADH was determined. As shown in Table I (group 1) and Fig. 2 , the Lp across cortical collecting tubules from normal rabbits after ADH was 275+39 cm/s atm x 107, a value similar to that reported by others under comparable experimental conditions (8) . This sponse to a submaximal concentration of ADH was determined. As shown in cm/s atm x 107 (P < 0.05). When cortical collecting tubules from adrenalectomized rabbits were exposed to MIX plus 2 ,uU/ml ADH, the resultant Lp was 503±133 cm/s atm x 107, a value that did not differ from that obtained from tubules of normal rabbits identically treated (P = NS).
DISCUSSION
The present study demonstrates that the rabbit, like man (4), dog (13) , and rat (14) , is unable to generate a maximally concentrated urine when rendered adrenally insufficient. Previous studies have revealed a diminished medullary tonicity associated with adrenal insufficiency (13, 14) , and have suggested that the in Lp   cm/s atm  650_  600_  550_  500_  450_  400_  350_  300_  250_  200_  150_ (n=9) (n-5) (n-5) (n=7) FIGURE 5 The effect of the addition of a phosphodiesterase inhibitor on the hydroosmotic response to a subinaximal concentration of ADH. Cortical collecting tubules from normal or adrenalectomized (ADX) rabbits were exposed to 0.1 mM MIX in the bathing solution, and the Lp after the addition of 2 AU/ml ADH to the bath was measured. Cortical collecting tubules from normal rabbits exposed only to 2 ,LU/ml ADH, or from ADX rabbits exposed to 200 ,uU/ml ADH, are shown for comparison. ADX vs. ADX + MIX, P < 0.001; NORMAL vs. NORMAL + MIX, P < 0.05; NORMAL vs. ADX, P < 0.0005; ADX + MIX vs. NORMAL + MIX, P = NS. ability to concentrate maximally was the result of a diminished driving force for water reabsorption secondary to a steroid-dependent decrease in solute transport by the thick ascending limb of Henle. Whether in fact the thick ascending limb of Henle is physiologically responsive to adrenal steroids is unclear at this time. Using the activity of the tricarboxylic acid cycle enzyme, citrate synthase, as a marker for the action of aldosterone (15) , we have recently demonstrated that the activity of the enzyme in the cortical thick ascending limb of Henle is unchanged by adrenalectomy or the addition of exogenous aldosterone, whereas in the cortical collecting tubule, adrenalectomy is associated with a diminution ofcitrate synthase activity, and aldosterone treatment with a significant increase in activity (16) .
The present study reveals that cortical collecting tubules from adrenalectomized rabbits are not osmotically "leaky" before the addition of ADH (Table  I) . Thus, we find no evidence to support the concept suggested from in vivo micropuncture studies (17) that the inability of adrenalectomized animals to excrete excess water is the result of a steroid-dependent loss of the basal impermeability of the distal nephron. The principal difference between these earlier studies and the present work is that the present study was conducted in vitro, where a direct examination of the intrinsic function of the tubular epithelium, isolated from all systemic influences, is possible.
The present study does reveal that cortical collecting tubules from adrenalectomized rabbits demonstrate a markedly blunted hydroosmotic response to ADH (Fig. 2) . This diminution in the hydroosmotic effectiveness of ADH across the collecting duct could partly account for the inability to generate a maximally concentrated urine in adrenal insufficiency. When adrenalectomized rabbits were given either deoxycorticosterone or dexamethasone in vivo they were able to increase significantly the maximum osmolality of their urine after exogenous ADH (Fig. 1) . When cortical collecting tubules isolated from adrenalectomized rabbits were exposed to either aldosterone or dexamethasone, but not progesterone, they were able to respond to ADH with a significant increase in water reabsorption (Fig. 3) . None of the steroids alone had any effect on the intrinsic water permeability ofcollecting ducts from adrenalectomized rabbits (Table I, group 2, J, before) in that the net water movement before the addition of ADH was zero. Thus, as originally defined by Ingle (18) , these effects of adrenal steroids are permissive in that they have no effect themselves on the water permeability of the collecting duct but act to augment the response to a second hormone, ADH. This permissive effect of adrenal steroids was expressed after 90 min of exposure and at a concentration of 50 pM, suggesting that it represents a physiologically significant effect. Although this data does not indicate whether the in vivo administration of either adrenal steroid acted solely on the collecting duct in vivo, it does suggest that at least part of the concentrating defect seen in adrenalectomized animals is referable to an inability of the collecting duct to reabsorb water under the influence of ADH.
In an effort to explore the mechanism(s) involved in the permissive effect of adrenal steroids on the hydroosmotic response to ADH, cortical collecting tubules from normal and adrenalectomized rabbits were exposed to 0.1 mM 8-bromo cyclic AMP in vitro and the resultant Lp determined (Fig. 4) . This concentration of the cyclic AMP analog has been shown previously to induce maximal water reabsorption across cortical collecting tubules from normal rabbits studied under conditions similar to those used in the present study (8) .
In the present study, 8- When cortical collecting tubules from adrenalectomized rabbits were exposed to the same concentration of 8-bromo cyclic AMP, the resultant Lp was virtually identical to that observed across tubules from normal rabbits. This suggests that the inability of collecting ducts to respond to ADH in the absence of adrenal steroids is the result of a diminished rate of intracellular cyclic AMP accumulation rather than a defect at some site distal to cyclic AMP (Fig. 6) .
To further explore the mechanism(s) of the permissive effect of adrenal steroids on the action of ADH, the effect of the addition of 0.1 mM of a potent phosphodiesterase inhibitor, MIX, on the hydroosmotic Blood Collecting Duct I Lumen FIGURE 6 A summary of our current understanding of the hormonal control ofthe hydroosmotic response to ADH in the mammalian collecting duct.
response to a submaximal (2 ,uU/ml) concentration of ADH was determined (Fig. 5) . This concentration of MIX has been shown to maximally inhibit rabbit renal medullary phosphodiesterase (19) . As reported by others (19) , the present study demonstrates that the addition of MIX increased the hydroosmotic response of cortical-collecting tubules from normal rabbits to a submaximal concentration of ADH (Fig. 5, right) , a finding consistent with phosphodiesterase inhibition. When cortical collecting tubules from adrenalectomized rabbits were perfused under identical conditions, MIX plus 2 ,uU/ml ADH, the resulting hydroosmotic response was not different from that observed across tubules of normal rabbits (Fig. 5, left) .
The results of the present study are comparable with those reported previously in the toad urinary bladder, an epithelium often studied as a model of the mammalian collecting duct. When the toad urinary bladder was rendered steroid-deplete, it became hydroosmotically unresponsive to ADH (20) . The addition of very low concentrations of either a mineralo-or glucocorticoid hormone in vitro restored the hydroosmotic responsiveness to ADH. As in the present study, mineralo-and glucocorticoid steroid hormones were essentially equipotent in their permissive effects. The addition of a phosphodiesterase inhibitor to the steroid-depleted toad urinary bladder restored the hydroosmotic responsiveness to ADH, and when the actual activity of phosphodiesterase was measured in cells scraped from steroid-depleted toad urinary bladders, it was elevated (21) . The addition of either aldosterone or dexamethasone to the toad urinary bladder was associated with a diminution in phosphodiesterase activity, and the permissive effect of adrenal steroids was dependent on RNA transcription and protein synthesis. Fig. 6 represents our present understanding of the hormonal control ofADH-mediated water reabsorption in the mammalian collecting duct cell.
We interpret the results depicted in Figs. 4 and 5 to be consistent with the hypothesis that steps distal to cyclic AMP are not rate limiting in the absence of steroids and that at least one site of action of adrenal steroids in exerting their permissive effects on the hydroosmotic response to ADH involves the rate of cyclic AMP accumulation. Because the cyclic AMP analog mimicked the action of ADH in tubules from normal rabbits (Fig. 4) , its efficacy in inducing water reabsorption across cortical collecting tubules from adrenalectomized rabbits suggests that adrenal steroids act to increase the rate of endogenous cyclic AMP accumulation. As shown in Fig. 6 , this could involve either an increased rate of generation by adenyl cyclase or a diminution in the rate of cyclic AMP degradation by phosphodiesterase (or both).
It is not possible to distinguish between these two possibilities from the data displayed in Fig. 4 in that the cyclic AMP analog not only acts to bypass those steps involved in endogenous cyclic AMP generation but, because the analog is resistant to hydrolysis by phosphodiesterase (22) , could as well suggest an increased activity ofendogenous cyclic AMP degradation in the absence of adrenal steroids. The experiments of Fig. 5 show that the addition of a phosphodiesterase inhibitor restored to normal the hydroosmotic response of tubules from adrenalectomized rabbits, a finding consistent with at least one effect of adrenal steroids being the attenuation of the activity of phosphodiesterase. Such a conclusion would require the direct determination of cyclic AMP-dependent phosphodiesterase activity in single segments of cortical collecting tubule taken from normal and adrenalectomized rabbits. Unfortunately such an assay is not available for isolated tubule segments, and the next best set of experiments were therefore performed using the most specific inhibitor of phosphodiesterase available, MIX. It is of interest, however, that whole kidney phosphodiesterase activity is greater in adrenalectomized than normal rats, and that the in vivo administration of glucocorticoid hormone returns whole kidney phosphodiesterase activity to normal levels (23) . In addition to a postulated effect of adrenal steroids in modulating phosphodiesterase activity, the results depicted in Fig. 5 are also compatible with the possibility that adrenal steroids act to increase the rate of cyclic AMP generation in response to ADH. This could be mediated, for example, by diminishing the rate of endogenous prostaglandin E (PGE) biosynthesis. In the toad urinary bladder, adrenal steroid depletion is associated with an increased rate of endogenous PGE synthesis that is restored to normal by low concentrations of either aldosterone or dexamethasone (24) . PGE has been shown to inhibit the hydroosmotic action of ADH across isolated perfused cortical collecting tubules (25) , partly by a direct inhibition of adenyl cyclase (26) . As shown in Fig. 6 , ADH itself acts to stimulate the endogenous synthesis of PGE in both the toad urinary bladder (24) and rabbit renal medullary interstitial cell cultures (27) , and the biosynthetic enzyme for PGE, cyclooxygenase, has been identified in cortical collecting duct cells (28, 29) . A direct demonstration of PGE synthesis by the cortical collecting duct has not been reported, and whether the collecting duct, like the toad bladder, responds to steroid depletion with an increase in the rate of PGE synthesis is unknown.
Whereas the physiologic and clinical significance of the present studies is conjectural, the following conclusions seem warranted: the isosthenuria of Addison's disease is the result of derangement of many physiological regulatory processes; the inability to concentrate the urine maximally in Addison's disease is partly the result of an inability of the collecting duct to respond to ADH with an increase in water reabsorption; this loss of responsiveness is the result of a direct effect of adrenal steroids on the epithelium of the collecting duct and partly involves a diminished rate of cyclic AMP accumulation.
